Quantitative measurement of blood flow velocity in capillaries is challenging due to their small size (around 5-10 ), and the discontinuity and single-file feature of RBCs flowing in a capillary. In this work, we present a phase-resolved Optical Coherence Tomography (OCT) method for accurate measurement of the red blood cell (RBC) speed in cerebral capillaries. To account for the discontinuity of RBCs flowing in capillaries, we applied an M-mode scanning strategy that repeated A-scans at each scanning position for an extended time. As the capillary size is comparable to the OCT resolution size (3.5×3.5×3.5
INTRODUCTION
Cerebral blood flow plays an important role in regulating nutrients and oxygen that support brain function [1] [2] [3] . Capillary hemodynamics is of particular importance as it's where the nutrients and oxygen predominantly exchanged with local brain tissue. However, quantitative measurement of blood flow velocity in capillaries is challenging due to their small size (around [5] [6] [7] [8] [9] [10] ), and the discontinuity and single-file feature of RBCs flowing in a capillary [4] [5] [6] . Utilizing the advantages of non-invasive, fast volumetric imaging at micron-scale resolution without exogenous contrast agents, Optical Coherence Tomography (OCT) [7, 8] has been widely used to measure the structural and functional features of micro-vascular networks. OCT angiography [9] [10] [11] [12] has emerged as a very useful imaging technique for visualizing perfused micro-vasculature networks, but it's not able to provide quantitative blood flow velocity information. Doppler OCT is capable of quantitative measurement of axial blood flow speed in large diameter vessels but has had challenges measuring RBC speed in capillaries [13] [14] [15] .
To address this challenge, Srinivasan et-al [4] showed that the power spectrum bandwidth of the autocorrelation function of the OCT signal correlated with the blood flow speed in capillaries, but the method has not yet provided measures of absolute blood flow speed. Ren et-al [16] exploited a method similar to that used by multiphoton microscopy (MPM) to estimate RBC speed by detecting the RBC Doppler phase transient induced by the passage of an RBC through a capillary. However, similar to the MPM method that relies on the assumption of RBC diameter for estimating RBC speed, error is unavoidable using this method as a flowing RBC's diameter is highly heterogenous. Choi et-al [5] proposed an OCT speckle signal decorrelation rate-based method to estimate the RBC speed in capillaries. However, the influence of hematocrit in the decorrelation rate makes it challenging for this method to get reliable RBC speed measurements. In addition, phantom calibration was required for this method making the measurement complex. Here, we propose a reliable phase-resolved OCT method to accurately measure RBC axial speed in capillaries [17] . We validated our measurement of RBC total speed with the RBC passage velocimetry method using the OCT signal magnitude of the same OCT time series data. We obtained the angular frequency of the Doppler shift from the slope of the unwrapped phase signal as directly calculating the phase wrap frequency from the second row of Fig. 1E proved to be noisy. As illustrated by the bottom row of Fig. 1E , we estimated the average angular frequency based on the histogram of the unwrapped phase slope = / using Eq. 2,
where, is the number of slopes falling in the bin (bin width=0.1 Rad/s corresponding to a speed bin width of 0.0077 mm/s), M is the number of having > /2, and is the maximum value of . In addition, we used an angular frequency threshold | | > =| − |/2 • ( • ) to avoid the bias effect of =0 as it is likely that, within the acquisition time of the M-scan, only a small portion of the signal detected an RBC moving within the capillary. Without this threshold, the nonflow signal ( =0) would dominate the phase slope histogram. With the threshold | | > , the portions of the data time series having a moving RBC is readily identified and the mean RBC speed could be correctly determined. Further, the directional information of the movement can also be determined according to the sign of the calculated phase change. For the three examples in Fig. 1E , we measured the axial speeds of 0.55, 1.44, and -0.94 mm/s, respectively. In addition, we note that the RBC passage speed in some capillaries could also be estimated based on measuring the time for an RBC to move through the OCT voxel as estimated from the OCT signal magnitude (the top row of Fig. 1E ) and assuming the diameter of the RBC (we assumed a diameter of 5 ) [16, 20] . We thus used this RBC passage speed to verify our measurement of RBC axial speed using the capillary angle to convert between axial and total speeds. Fig. 1D summarizes the flowchart of the proposed capillary velocimetry using phaseresolved OCT.
Animal preparation
Two CD1 mice were used in this study to validate our method in living animals. A 3x3mm cranial window was created over the somatosensory cortex and the exposed brain was covered with agarose gel and a glass cover slip. Isoflurane anesthetization was applied during surgery and during data acquisition. The imaging field of view (FOV) was set to be 300 ×300 , and the total acquired A-lines for each FOV was 800×200×200 ( × × ) which took ~11.6
mins. All animal experimental procedures were reviewed and approved by the Massachusetts General Hospital Subcommittee on Research Animal Care.
RESULTS
Comparing the OCT angiogram maximum intensity projection (MIP) and MIP in Fig. 2A and Fig. 2B , we note that the proposed method can measure RBC axial speed in most capillaries. To verify the measured RBC speed, we compared the measured total speed ( /cos ( ), is the angle of the vessel to optical axis) with the RBC passage speed (assuming an RBC diameter of 5 ) from 50 randomly selected capillaries. As shown in Fig. 2C , the speed measured by the RBC induced phase shifts were correlated with the speed measured by the RBC passage, and the regression line had a slope of 1.08 (with intercept forced to 0) indicating similar quantitative values for the RBC speed. The difference from the expected slope of 1 is likely a result of an error in the assumed diameter of the RBC. We also studied the effect of the number of A-line repetitions ( ) on the RBC speed measurement. Qualitatively, as shown in Fig. 2D , we see that the larger the (longer repeated acquisition time) the better quality of the RBC axial speed image. Particularly, the measurements in capillaries with slow RBC speeds were greatly improved with increased repetitions. We also calculated the ratio of the number of non-zero pixels for different A-line repetitions versus that of 800 A-line repetitions to quantitatively assess the impact of a reduced number of A-line repetitions, as shown in Fig. 2E . In our opinion, = 50 A-line repetitions ( =1.05 ms for each A-line location) provides an acceptable trade-off between measurement duration and image quality. This corresponds to a total acquisition time of ~45 s for a volumetric 3D capillary RBC speed measurement spanning 200 x 200 pixels in the lateral dimensions.
Although the proposed phase resolved OCT method can't measure the transverse flow speed, it's able to accurately quantify the axial speed in the majority of capillaries as demonstrated in Fig. 2 . The OCT signal magnitude-based RBC passage velocimetry method could be used to estimate the flow speed in some transverse vessels. However, it's worth noting that 1) there can easily be errors in the assumed RBC diameter; and 2) its usually challenging to determine the RBC passage in many capillaries based on the OCT signal, making accurate volumetric blood flow speed imaging impossible using the OCT based RBC passage velocimetry method. We note that we could more reliably measure RBC induced phase shifts in more capillaries than we could measure RBC passage. Comparing our approach of repeated Ascans for capillary velocimetry to previously reported approaches with repeated B-scans [4, 5, 16] , the M-mode (i.e., repeat A-scans) scanning strategy provides a faster sampling of the phase shift such that RBC axial speeds up to 11 mm/s can be measured accurately (with an A-scan rate of 47 kHz measured at 1310 nm center wavelength). The sampling rate for repeated B-scans is typically 100 times slower limiting accurate measurement of RBC axial speed to approximately 0.11 mm/s. Given that RBC speeds of 0.5 to 1.0 mm/s are typical in capillaries [21] , the advantage of repeated A-scans for accurate capillary velocimetry is clear. 
CONCLUSION
In this study, we introduced a phase-resolved OCT method to accurately measure RBC velocity in capillaries. To account for the discontinuity of RBCs flowing in capillaries, we applied an M-mode scanning strategy that repeated Ascans at each scanning position for an extended time. As the capillary size is comparable to the OCT resolution size (3.5×3.5×3. 5 ), we applied a high pass filter to remove the stationary signal component so that the phase information of the dynamic component (i.e. from the moving RBC) could be enhanced to provide an accurate estimate of the RBC axial speed. Total speed could further be obtained with the capillary angle obtained from the OCT angiogram. Our measurement of RBC axial speed was verified using the RBC total speed obtained by the RBC passage velocimetry method using the same OCT time series data. This proposed method of capillary velocimetry proved to be a robust method of mapping capillary RBC speeds across the micro-vascular network.
